INTRODUCTION
The mineralocorticosteroid receptor (MR) mediates aldosterone action in target cells. The MR is the largest member of the superfamily that includes the steroid/thyroid, vitamin D and retinoic acid receptors [1, 2] . These ligand-dependent transcription factors modulate gene expression by binding to specific DNA sequences. The MR is closely related to the glucocorticosteroid receptor (GR), progesterone receptor (PR) and androgen receptor (AR), which constitute the GR subfamily [2] . Despite the extensive sequence similarity [3, 4] and putative similar structural organization between GR and MR, the molecular mechanisms underlying MR function are still poorly understood, mainly because of the very low abundance of this receptor and the paucity of known aldosterone-regulated genes.
To facilitate the study of MR structure and function, new tools have been developed recently and shown to be particularly useful for precise molecular analyses. Using the baculovirus system, the human MR (hMR) when overexpressed at high concentrations behaves like the native protein in terms of hormone binding, hetero-oligomeric structure and immunological recognition [5, 6] . However, the binding to DNA as a prerequisite of receptor transcriptional activity has yet to be established. Another major advantage of this expression system in insect cells is the absence of the GR, which is present in virtually every tissue and is known to share several common functional features with the MR, most notably similar hormonal binding and target recognition properties.
Very little is known about the initial steps ofsignal transduction mediated by the MR. Only a few studies have reported on the DNA-binding properties of the MR, and these have essentially examined its binding to DNA-cellulose [7, 8] or measured the with oligonucleotides containing perfect and imperfect palindromic sequences of GRE. A monoclonal anti-hMR antibody (FD4) induced a supershift of protein-DNA complexes and identified the MR in Western blot analysis. In vitro DNAase I protection assays with the hormone-regulated murine mammary tumour virus promoter showed that recombinant hMR generated four footprints whose limits encompassed the GRE motifs. By means of these two complementary approaches, no difference between the interaction of free, agonist-or antagonist-bound MR and DNA was detected. We provide evidence that hMR functions as a sequence-specific DNA-binding protein.
transcriptional activity of the MR through its interaction with a viral promoter [3, 9, 10] . Since the MR functions as a transcription factor, it should bind to specific sequences generally located upstream of regulated genes. These cis-acting DNA sequences, called hormone response elements (HREs), have been described for oestrogen, progesterone, glucocorticosteroid and androgen receptors ( [11, 12] and references therein), but no selective mineralocorticosteroid response element has ever been reported to date.
In the present paper, we describe the properties of the MR by characterizing the interaction of the recombinant protein, expressed in the baculovirus system, with DNA sequences using gel retardation and footprint DNAase I protection assays. As target genes we chose DNA fragments containing glucocorticosteroid response elements (GREs) present in two wellstudied glucocorticosteroid-inducible promoters: that of tyrosine aminotransferase [13] and the long terminal repeat of the mouse mammary tumour virus (MMTV-LTR) [14, 15] . We describe the characterization of the DNA-binding properties of the hMR and study whether the presence and/or the nature of the ligand (agonist or antagonist) modifies the receptor-DNA interaction. We provide the first evidence that the recombinant hMR binds specifically to GREs and protects four GRE-containing regions of the MMTV-LTR from digestion by DNAase I. from bovine pancreas) were purchased from Sigma (St. Louis, MO, U.S.A.). Poly(dI-dC) was from Pharmacia (Guyancourt, France).
Expression of recombinant hMR and preparation of cellular extracts Sf21 insect cells were infected with the recombinant virus AcNPVhMR, which contains the full-length cDNA of the hMR [5] . At 48 h post-infection, the cells were rinsed with cold PBS and homogenized in TEGW buffer [20 mM 
RESULTS
The hMR has been expressed in Sf21 insect cells infected by the recombinant baculovirus AcNPV-hMR [5] , which contains the full-length coding sequence of hMR [3] . At 48 h after infection the level of hMR expression was measured in cytosolic fractions by an aldosterone-binding assay as previously described [5] , and it reached a value of approx. 2 pmol/mg of protein. Prior to use in subsequent experiments, the receptor was partially purified by ion-exchange chromatography resulting in an enrichment factor of about 10.
A gel shift assay was used to characterize the interaction of recombinant hMR with the DNA-containing GREs shown in Table 1 . The first oligonucleotide (TAT), a DNA sequence derived from the promoter of the rat tyrosine aminotransferase gene, contains the motifTGTACATGTTCT that confers positive regulation by glucocorticosteroids [13, 19] . The second oligonucleotide (MST) is derived from the previous sequence by mutation of two base pairs (A-T, T-A) in the motif. Studies on the identification of protein contact sites have previously shown that these bases are critical for the GR-DNA interaction [20, 21] . The third oligonucleotide (VIT), derived from the natural sequence of the oestrogen response element in the Xenopus vitellogenin A2 gene (-555 to -222) was mutated to obtain a perfect GRE palindromic motif [22] . One of the known aldosterone target genes is Na+,K+-ATPase [23] . Elements of the rat Na+,K+-ATPase al gene promoter have been described recently [24] and we chose an oligonucleotide within this promoter sequence (fourth oligonucleotide; ANA) as a potential mineralo- Table 1 Sequence of the oligonucleotides used
The specific motifs are underlined and in bold type. These oligonucleotides have been designed according to [13,19-22,24,251. Oligonucleotide Sequence corticosteroid response element (MRE). The last oligonucleotide used in our work (GRE4) corresponds to the upstream GRE (-185 to -171) of the mouse mammary tumour virus LTR [14, 25] and contains an imperfect palindromic motif.
Overexpressed hMR binds speeffically to a varlety of GREs Figure 1, lanes 2-4) , suggesting an aggregation of DNA-protein complexes unable to penetrate the non-denaturing gel. This phenomenon was not affected even when the reticulation of the gel was decreased (from 39: 1 to 79: 1 acrylamide/ bisacryamide), or by increasing the ionic strength (KCl) by treatment with a non-ionic detergent (Nonidet P40), or by modifying the Mg2+ content of the incubation buffer. It appeared that when the electrophoresis was performed at 4°C (as in Figure 4 ), migration of the DNA-protein complexes was facilitated, consistent with the involvement ofhydrophobic bonds in this aggregation process.
As shown in Figure 2 , increasing concentrations of nonradioactive TAT oligonucleotide (50-200 ng) were able to compete with the major retarded band (lanes 3-5) corresponding to [32P]TAT-hMR complexes (lane 2). It is noteworthy that radioactive material present in the wells of the gel disappeared in the presence of unlabelled TAT. In contrast, the oligonucleotide MST, containing the mutated GRE sequence of TAT (lane 6), and the oligonucleotide ANA (lane 7), possessing a putative steroid response element, could not compete with the [32P]TAT-hMR complexes either at the level of the retarded band or at the top of the gel, indicating that the aggregates that could barely penetrate into the gel may indeed correspond to specific TAT-hMR complexes. Moreover, no complexes were formed between hMR and an oestrogen responsive element of the vitellogenin A2 gene promoter (results not shown). Altogether, these results indicated that recombinant hMR binds specifically to an oligonucleotide presenting a GRE sequence motif.
We next checked whether the recombinant hMR was also able to interact with a perfect palindromic GRE sequence by comparing the gel patterns obtained with . In some infected cell preparations, we observed in gel shift assays minor bands with increased mobility whose specificity for the oligonucleotide was demonstrated by competition experiments. Such a minor band is visible in Figure 4 (a) (lane 2) and may correspond to a proteolytic cleavage product of hMR. However, FD4 was unable to recognize this protein band, suggesting that this protein either is unrelated to hMR or has lost the epitope located in the N-terminal domain of the receptor. The specific DNA-hMR complexes migrate very slowly through the non-denaturing gel and, even after complete migration of free oligonucleotide, they are generally recovered very close to the top of the gel, probably due to the high molecular mass of the receptor and/or its probable multimeric structure. Moreover, the signals produced by these complexes are often broad and thick, preventing clear identification of distinct bands which have already been reported as monomeric or dimeric entities for other steroid receptors [26, 27] .
To examine whether the hMR-DNA interaction was dependent on the presence and/or the nature of the ligand, we tested the binding of the expressed hMR to GRE under various conditions. In one set of experiments we were unable to observe any difference either in the intensity of the signals or in the mobility of the retarded complexes whether using unbound hMR or hMR incubated with mineralocorticosteroid agonists (aldosterone, cortisol) or antagonist ZK91587. Similarly, there was no major difference in the apparent receptor-DNA affinity or the mobility of the retarded DNA-hMR complexes whether or not we used in vivo aldosterone-or ZK9 1587-labelled receptors (results not shown). However, as mentioned above, the smeared aspect of the specific band signals prevented the detection of subtle mobility differences. Oligonucleotides that contain a GRE sequence motif specifically interact with the hMR. Figure 4(a) shows that, as expected, the GRE4 oligonucleotide was capable of forming specific complexes with the recombinant hMR (lane 2) compared with the non-specific signal observed with uninfected cell extracts (lane 1). The major retarded band disappeared in the presence of increasing amounts of unlabelled GRE4 (lanes 3 and 4) . To identify hMR in the GRE4-protein complexes, we performed a Western blot after transfer of the gel shift assay containing the same samples (Figure 4b) . Signals revealed by FD4 antibody (lanes 2-4) fit perfectly with the labelling of the major retarded band (autoradiogram; Figure 4a, lanes 2-4) . No detectable Mapping of DNAase I tootprintlng of specffic hMR-binding regions in the MMTV-LTR To precisely localize the DNA sequences covered by the hMR after its binding to GRE, DNAase I protection experiments were carried out. These footprint analyses were performed with fragments containing GRE sequences of the MMTV-LTR extending from -299 to + 69 bp relative to the transcription initiation site [15] . We examined the interaction between the recombinant hMR expressed in Sf21 cells and the 368 bp fragment amplified by the PCR using either 32P-labelled P1 or P2 oligonucleotide and the corresponding unlabelled primer in order to delineate the exact boundaries of protected regions in the sense and the antisense strand of the DNA. This fragment contains four separated regions of high-affinity steroid receptor binding sites [14] responsible for the hormonal induction, corresponding to GRE4 (-185 to -171), GRE3 (-115 to -110), GRE2 (-99 to -94) and GREl (-84 to -79). A nuclear factor 1 (NFl) binding site has been also identified [28] . The MMTV-LTR fragments were incubated with hMR preparations, subjected to digestion with various concentrations of DNAase I and displayed on denaturing polyacrylamide gels.
As shown in Figure 5 , four footprints on the sense strand were detected only in the presence of infected cell extracts containing recombinant hMR (lane 2) and not with the same amount of protein from uninfected cell extracts (lane 1). The most clearly protected region corresponds to the positions -186 to -165 bp (GRE4) from the transcription start site, adjacent to three nearly contiguous footprints at positions -1 10, -94 and -81 (GRE3, 2 and 1 respectively) whose exact limits could not be clearly determined because of the stacked bands. These protected sequences encompass the GREs already described for this viral promoter [14, 15, 25, 29] . To ensure that the recombinant hMR specifically binds to these particular sequences, we performed a competition assay using the oligonucleotide GRE4 extending from -193 to -167 bp. As seen in lane 3, a large excess of GRE4 completely prevented the appearance of the distal footprint and, to a lesser extent, of the three proximal target sequences.
In order to map the specific receptor-binding regions on the antisense strand of the MMTV-LTR, we analysed the pattern of DNAase I-generated fragments using uninfected and infected cellular extracts (Figure 6 ). Interestingly, in the presence of recombinant hMR (lane 3), there was evidence for three major protected sequences at positions -185 to -163 bp (GRE4), -102 to -87bp (GRE2) and -84 to -72bp (GRE1). Protection within the GRE3 sequence was less complete than that observed within the sense strand ( Figure 5 ). Moreover, an excess of the oligonucleotide TAT (lane 4), which is closely related to the GRE consensus (see Table 1 ), was able to partially extinguish the protecting effect of hMR within the footprints GREI, GRE2 and GRE4. Due to the lower amount of oligonucleotide used in this experiment, the competition by TAT was less pronounced than that of GRE4 (see Figure 5 ), consistent with a lower affinity of hMR for this TAT sequence.
As in the case of gel shift mobility assays, we examined whether the presence and/or the nature to the bound ligand modified the hMR-generated footprinting patterns. For this purpose we directly incubated the infected Sf21 cells with a mineralocorticosteroid agonist or antagonist before the preparation of cellular extracts and assessed in these conditions the receptor binding. Aldosterone-and ZK91587-labelled hMR complexes bind to the same sequence regions of the MMTV promoter without apparent differences in the intensity and limits of the protected sites (results not shown). Similarly, we found that the steroid-free or aldosterone-bound hMRs were equally potent in interacting with the GRE sequences of the MMTV, as analysed by in vitro footprintings.
DISCUSSION
In this work we provide evidence that recombinant hMR expressed in the baculovirus system is able to specifically interact with HREs. This was done by the means of gel shift mobility assays and in vitro footprinting, two complementary technical approaches which allow detailed analyses of protein-DNA interaction.
The baculovirus expression system is now widely utilized to produce large quantities of eukaryotic proteins [30] , in particular biologically active steroid receptors [31] [32] [33] [34] [35] . With respect to the MR, since authentic receptors are poorly represented in aldosterone target cells, it is of particular interest to produce a plentiful supply of recombinant receptors. In addition, in all experimental models studied up to now, the cross-occupancy by glucocorticosteroids and mineralocorticosteroids of their cognate receptors prevents the clear distinction of their respective con- tributions to the biological effects. Furthermore, the high degree of sequence identity in the DNA-binding domain (94%) and the identical P box between two closely related members of the same subfamily, the hGR and the hMR [2, 3] , suggests that the structures of these domains are almost identical. The response elements to which these receptors bind are likely to be similar in sequence and organization [12] . The availability of substantial amounts of hMR together with the lack of GRs makes the baculovirus system an interesting and suitable model for studying receptor-target gene interactions. It has previously been shown that the LTR of the MMTV, a glucocorticosteroid-inducible promoter, may also direct aldosterone-dependent gene regulation through the MR [3, 9, 10] . Transcriptional activity measurements suggested that the HRE included in this viral promoter confers the aldosterone responsiveness.
The present results of the gel shift mobility assays demonstrate, for the first time, a specific interaction of the hMR with a DNA fragment. Several lines of evidence indicated the specificity of this interaction for the recombinant hMR, since AcNPV-hMRinfected cells display retarded protein-DNA complexes which are supershifted by the addition of the monoclonal anti-hMR antibody FD4 but are absent from uninfected cells. Western blot analyses confirm that the hMR is included in these protein-DNA complexes.
Using a series of oligonucleotides, we showed that the MR binds to specific DNA sequence motifs corresponding to the GRE of the tyrosine aminotransferase (TAT). These sequences contain two half-sites composed of hexanucleotides TGTACA and TGTTCT separated by a strict spacing of three bases. These GRE half-sites, which are in an inverted orientation, seem to form the contact points, since double mutations such as found in MST abolish MR binding. Our results indicate that the hMR is able to recognize GREs, but do not allow a clear definition of a specific MRE. Such regulatory elements have been evoked in the promoter of the cl subunit of the Na+,K+-ATPase, an aldosterone-regulated protein [24] . However, the hMR does not bind to ANA, suggesting that this sequence is not involved in the transcriptional regulation. The binding efficiency of steroid receptors for oestrogen response elements and GREs is dependent not only on the sequence but also on the relative orientation and spacing of the repeated motifs of response element [36] [37] [38] . All of these parameters need to be determined in order to establish a better definition of the MRE and to identify such response elements in other aldosterone-regulated gene promoters. Upon DNA binding, steroid receptors form homodimers in a cooperative manner [22, 33, 37] ; such a mechanism remains to be established for MR.
Since recombinant hMR bound to diverse GREs, we used footprint experiments to investigate the precise location and defined sequences of the hMR-protected regions in the MMTV-LTR. Four footprints were detected on the two opposite DNA strands of the proximal promoter ( Figures 5 and 6 [40] or the GR [41] with specific DNA sequences. In contrast, gel shift assays give divergent results. Some authors have reported that target sequences could form complexes with steroid receptors regardless of the agonist or antagonist bound [31, 42] while others emphasize the importance of the agonist to determine stable dimeric receptor-DNA complexes [22] . Moreover, structural modifications of receptors have been proposed to account for subtle differences in the mobility of agonist and antagonist-receptor complexes [26, 42, 43] . Overall, one can question the role played in vitro by the ligand in ensuring an adequate interaction between the receptor and DNA. Indeed, recent crystallographic analyses have indicated that the DNAbinding domain of the GR alone is also able to bind its target element [44] . Similarly, truncated receptors lacking the steroidbinding domain have been shown to be transcriptionally active [45] , confirming that an appropriate receptor-DNA interaction could occur even in the absence of ligand. According to the classical mechanism of steroid action, hormone binding induces dissociation of the receptor from an inactive complex containing the 90 kDa heat shock protein (hsp90), allowing subsequent receptor dimerization, high-affinity DNA binding and transcriptional activation. MR is an hetero-oligomer including hsp90 in aldosterone target cells [46] as well as in insect cells [5] . However, we cannot exclude the possibility that part of the recombinant receptor is still capable of interacting with DNA even if it does not bind ligand.
The kinetic aspects of ligand-receptor-DNA interactions probably play an important role in modulating receptor activity. For instance, it has been proposed that the rapid dissociation of anti-mineralocorticoids from the MR is invoLved in their antagonistic activity [47, 48] . As suggested earlier, anti-hormones may function by establishing unstable receptor-DNA complexes which are transcriptionally non-productive [49] . The binding of hormone has been shown to accelerate the kinetics of GR and PR binding to target DNA [50] , giving another example of the importance of kinetic parameters which should therefore be taken into consideration more often.
In conclusion, DNA-binding studies using baculovirusexpressed recombinant hMRs have shown that the receptor is functional, although they have not allowed definite conclusions to be drawn regarding the role of the ligand in directing receptor-DNA binding. The availability of large amounts of the purified MR should aid in the identification of high-affinity MREs that confer aldosterone responsiveness to known or as yet unidentified genes.
